The classical mouse uterine bioassay was evaluated and adapted for routine diagnostic use in response to requests for evaluation of forages suspected of being estrogenic. Forages were extracted in acetone or 10% ethanol in acetone (v/v). Extracts were mixed with ground corn-based mouse feed. Immature female mice (n = 3/group) were fed a total of 100 g of the ground feed for 5 days. Body weights were monitored before and after the trial. After 6 days, the mice were euthanized and uterine weights were determined. Mean uterine weights were compared using 1 -way analysis of variance with preselected contrasts for individual means. Selected uteruses were fixed in 10% neutral buffered formalin for histologic examination. Control feeds, diethylstilbestrol (DES), estradiol, coumestrol, feeds with no reported estrogenic properties, and a feed that caused hyperestrogenism in cattle were tested. Moderate levels of estrogenic compounds resulted in dose-responsive uterine enlargements (10-270 ppm coumestrol over 5 days). Extremely high levels of estrogen frequently resulted in feed refusal and lack of uterine enlargement (10 ppm DES, 100 ppm estradiol). Diagnostically significant estrogenic activity was recovered from the feed known to have been estrogenic in cattle. The classical mouse uterine bioassay was relatively inexpensive, quick, repeatable, and capable of detecting clinically relevant coumestrol levels in hay.
Hyperestrogenism due to estrogenic feed has been cals. For example, coumestrol can be assayed in alfalfa, reported as a clinical problem in cattle, sheep, and but related coumestans would be missed. In vitro bioswine. Estrogenic activity may be present in forages assay for estrogenic activity of forage extracts will defrom phytoestrogens or in grain from mycotoxins such tect most active estrogenic compounds, but it requires as zearalenone. Examples of estrogenic compounds special tissue culture expertise, is limited (in this labfound in plants include the isoflavones (e.g., formononetin or biochanin A; clovers) and coumestans (e.g., oratory) b not detect y the need for radioactive compounds that require bi reagents, and will oactivation. 9 Tracoumestrol; alfalfa). Ingestion of forage estrogens in ditional bioassays, such as the mouse uterine bioassay, high levels by ruminants can cause either hyperestroare useful for detection of estrogenic activity that is genism, with nymphomania, cystic ovaries, and swol-not due to known or available compounds. 2 If rumilen genitalia, or antiestrogenic effects of gonadal hynants are used, bioassay will detect compounds, such poplasia and anestrus, depending on the action of the compound on estrogenic receptors. 1 Perhaps the most as formononetin, that require rumen activation (this test is expensive). 1 Alfalfa, the major estrogenic forage costly effects in ruminants result from ingestion of low of concern in California, can contain coumestans. 3 levels of phytoestrogens, causing insidious losses due Coumestans apparently do not require activation. This to infertility and predisposition to abortion. l report documents the use of the classical mouse uterine Concerns about potential effects of hay causing in-bioassay and an analytical method for coumestrol fertility prompted requests for forage estrogen analysis adapted for diagnosis of estrogenic activity in forage. from the dairy industry in California. Methods for analysis of estrogens include chemical analysis (e.g., Materials and methods with high performance liquid chromatography Sample extraction.
[HPLC]), in vitro bioassay using estrogenic cell line Samples of hay not known to be estrogenic, a sample of hay that had caused clinical hyperesactivation, and in vivo bioassay. 1,6 Chemical assay for trogenism in cattle, and alfalfa spiked with known amounts estrogenic compounds, although the most desirable of estrogenic compounds (200 g dry wt) were extracted overmethod, is limited by a lack of pure standard chemi-night in 1,500 ml acetone or 1,500 ml 10% ethanol in acetone estradiol, b and coumestrol. c The mouse feed was free of the estrogenic mycotoxin zearalenone, as determined by thin layer chromatography. Hay used for spikes was tested for coumestrol. Seven subsamples (20 g each) were obtained from each sample, individually packaged in foil, and frozen for feeding (5 subsamples) and further analytical work (2 subsamples from each sample).
Mice. Bioassays used 10-12-g prepuberal female Swiss-Webster mice. d Mice (3 mice/group/experiment) were given the ground test feeds at a rate of 20 g/group/day for 5 days. A control group and spike group were included in each of the 4 experiments. Feed consumption was measured daily. Body weights were measured on day 1 of feeding and on day 6, after 5 days on feed, to calculate changes in weight. Animals were euthanized on day 6, uteruses were harvested and weighed, and selected samples of uteruses were placed in 10% neutral buffered formalin and processed in a routine manner for histologic study.
Experimental design. Four experiments were conducted.
Experiments 1 and 2 determined the sensitivity of the bioassay to DES and estradiol. DES was added directly to mouse feed at levels equivalent to 0.01, 0.1, 1.0, and 10.0 ppm. Estradiol was added to the feed at levels of 0.1, 1.0, 10, and 100 ppm. Hay samples were spiked with DES at 0.1 and 10 ppm and with estradiol at 1.0 ppm prior to extraction and feeding to initially assess recovery of estrogenic activity from hay. Coumestrol was added directly to mouse feed at 10, 30, 90, and 270 ppm and to spiked in hay for extraction with acetone at 30 and 90 ppm for experiment 3.
For experiment 4, a coumestrol standard of 10, 30, 90, and 270 ppm was added directly to mouse feed and hay. The hay was subsequently extracted with 10% ethanol in acetone (v/v). The extract from the hay was then added to mouse feed. Hay was also spiked with 30 and 270 ppm of coumestrol followed by an acetone-only extraction before addition to the mouse feed. A sample of clover forage known to have caused clinical hyperestrogenism c was also extracted and added to mouse feed for bioassay.
HPLC for coumestrol. An assay for coumestrol in feed was developed using reversed-phase HPLC. Alfalfa (negative control), mouse feed with coumestrol added at 10, 30, 90, and 270 ppm, alfalfa spiked at all 4 levels of coumestrol, mouse feed after addition of extract from spiked hay, and feed known to have caused hyperestrogenism were all tested. Five grams of ground feed was extracted by homogenizing f for 1 min using 75 ml 10% ethanol in acetone (v/v), followed by filtration using a 0.45-µm disk filter. Analyses used a high performance liquid chromatograph g with a fluorescence detector. h The excitation wavelength was 238 nm, and emission was measured at 411 nm. Separation was achieved using a 25-cm x 4.6-mm internal diameter column. i The mobile phase was isocratic 20% water: 80% methanol at a flow rate of 1 ml/min.
Confirmation of the coumestrol in hay was accomplished using a gas chromatograph/mass spectrometer (GUMS) as a detector. An aliquot of sample extract was evaporated to dryness and derivatized with 50 µ1 trichloromethyl silane (TMCS) and 150 µl hexamethyldisilazane (HMDS) at 60 C for 20 min. Following a water cleanup, this trimethyl silyl derivative was analyzed on a GUMS in the selected ion monitoring mode.
Data analysis. Descriptive statistics were determined for uterine weight, uterine weight as a percentage of net gain in body weight, and net gain in body weight. The statistics were subjected to Bartlett's test for homogeneity of variance. 8 Data were analyzed for statistical differences using l-way analysis of variance with 1 degree of freedom comparisons between selected groups (after log transformation if Bartlett's testing was significant).
Results
Bioassay. DES, estradiol, and coumestrol all caused significant increases in weights of uteruses from mice that were fed the compounds (Figs. 1-3) . Although the uterus in each mouse in each group that was fed estrogen (n = 3) was enlarged, the magnitude of that enlargement varied within each group as the estrogen level increased. Increased variance within the groups led to significant Bartlett's tests, suggesting that the data were not homogenous. Throughout testing, uterine weight data paralleled that for uterine weight as a percentage of body weight. Thus, data and statistics for uterine weights alone are presented.
ceiving high doses of estrogen contained individual epithelial cell necrosis and lumenal neutrophils.
The highest and lowest concentrations of DES and estradiol both did not change uterine size. Groups of mice fed the highest concentrations of estrogen also did not eat well or gain weight. Coumestrol did not alter weight gains in mice in experiment 4 at any level. Uteruses were enlarged in all mice fed coumestrol in the formal experiment. The test was sensitive to 10 ppm of coumestrol. Naturally occurring coumestrol concentrations in hay controls (up to 5 ppm) caused no effect on uteruses. Mice in experiment 3 were much larger than the 12-g target for initial weight (> 15 g). Coumestrol failed to cause statistically significant uterine enlargement in that experiment. The feed known to be estrogenic caused significant increases in uterine size (Fig. 4) . The type of solvent that was used for extractions (acetone vs. 10% ethanol in acetone) had no effect on uterine weights.
HPLC. HPLC analysis of coumestrol in feeds produced a peak for coumestrol with a retention time of 3.8 minutes at a sensitivity of 0.5 ppm (Fig. 8) . Samples of mouse feed contained < 1 ppm. Samples of control hay (alfalfa) that were used for spiking had 2-5 ppm of coumestrol. The presence of coumestrol in the hay was confirmed using GC/MS. Analytical spike-recovery rates for coumestrol were 85-95%. Recovery of coumestrol from mouse feed after spiking of hay, reextraction, and drying on the mouse feed was 36-6 1%. The hay sample from the case of hyperestrogenism in livestock contained 201 ppm of coumestrol.
Lesions. Grossly, uteruses from mice that were fed estrogenic compounds were distended and filled with a gelatinous fluid (Fig. 5) . Histologically, the normal immature uteruses from mice had very dense endometria with no separation of stromal cells and contained less than 5 polymorphonuclear cells per high power field (pmns/hpf) at 400 x . The endometrial epithelium was low columnar, averaging < 20 µm in height (Fig. 6) . Uteruses from immature mice that received estrogens in the feed were uniformly larger. The stromal cells of the endometrium were separated by nonstaining edema, and increased numbers of inflammatory cells were present, > 10 pmns/hpf. The endometrial epithelium was tall columnar, averaging >30 µm in height (Fig. 7) . Many of the uteruses from mice re- 
Discussion
Feeding of DES, estradiol, and coumestrol caused uterine enlargement in immature mice as expected. 1, 2, 4 Uterine enlargements, characterized by hyperplasia, cellular infiltration, and edema, were consistent with estrogen exposure. 1 Increased variability in uterine weight within groups associated with increasing uterine size necessitated transformation of data prior to statistical analysis. 8 Although variances could have been minimized by increasing the number of animals/test group, the deviations from the mean were tolerable for detecting biologically significant groups and the use of as few animals as possible was a goal for both ethical and economic reasons.
Both HPLC and uterine bioassay were reliable for detecting coumestrol in feed at levels that reportedly affect fertility in livestock (25-30 ppm). 1, 2, 3, 5 The sample of feed that had reportedly caused hyperestrogenism in cattle had coumestrol at a level that is known to be estrogenic in livestock (201 ppm). 1 Recoveries of > 85% for coumestrol using HPLC suggested that the extensive extraction and clean-up (purification) procedures previously reported are not necessary for valid coumestrol assay. 1, 3, 6 The presence of coumestrol in control alfalfa hay, confirmed using GC/MS, was expected. 3 The reported levels of coumestrol in the alfalfa hay were well below the 25-30 ppm range, above which hyperestrogenism might be expected. 1 The reason for poor recoveries of coumestrol from mouse feed impregnated with the extracts from spiked hay was not determined. Because the extraction efficiency from mouse feed that was spiked with coumestrol was > 85%, extraction of the mouse feed is an unlikely step for coumestrol loss. Mixing and retesting indicated that uneven levels within a sample is also an unlikely cause of losses. Perhaps the compound was being lost on the surface of glassware during extraction of the samples of spiked hay or from inefficient mixing during the extraction phase. Potential losses during the extraction of spiked hay is possible because that step represents the only difference between the 2 methods (direct extraction vs. extraction of spikes from hay). Experiments that could be performed include testing the effects of protecting (sialic acid treatment) glassware or measuring the effect of reextraction of test material on recovery rates. The bioassay assessed for this project was able to detect estrogenic activity, at least due to coumestrol, at diagnostically significant levels. For example, control hay that contained low levels of coumestrol did not cause uterine enlargement, whereas coumestrol was detectable in hay spiked with higher levels (in excess of 10 ppm).
The approach to diagnosis of hyperestrogenism from forage should begin with analysis (e.g., using HPLC) for known estrogenic compounds. If chemical analysis is unavailable and hyperestrogenic activity is suspected, mouse uterine bioassay can be useful. Some laboratories have developed in vitro bioassays using cultured mammary cancer cells. 9 This in vitro technique is often impractical because of the high cost of equipment and personnel needed to perform the test and its requirements for handling radioactive isotopes. In vitro bioassay is also more sensitive than that necessary for clinical bioassay and would still not detect compounds requiring metabolic activation. Thus, the mouse uterine bioassay is more practical and inexpensive for many laboratories.
Prepuberal mice are the suggested bioassay animal because ovariectomized mice are expensive and less sensitive. 1 For the method reported here, initial body weight of mice should not exceed 12 g to ensure adequate feed is available. Adequate control of the test can be achieved by using a minimum of 3 groups of mice (3 mice/group resulted in clearcut biologically relevant distinctions among groups), including a negative control (extraction of a blank hay), positive control (hay spiked with 30 or 90 ppm of coumestrol), and the test group. End points to assess should include both uterine weight and gain in body weight. Body weight is monitored to ensure the feed is being consumed and to detect extremely high estrogenic activity. If positive, the bioassay can subsequently be used in purification of the new estrogenic compound if desired. If negative, a hay sample in question may not be representative of the lot, the lot may not be toxic, or a compound is present that requires bioactivation specific for livestock for activity.
In summary, the classical mouse uterine bioassay was inexpensive when compared with other bioassay techniques, only slightly more expensive than conventional chemical analysis, speedy, repeatable, and capable of detecting clinically relevant coumestrol levels in hay.
